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ADVANCE CONFIDENTIAL REPORT

DIGH<SPEED TESTS OF RADIAI~ENGINE NACELLES
0¥ A THICEK LOV-DRAG VING

By John V. Beclker
SUHIARY

Tests were made in the 8~foot high-speed wind tunnel
to determine the drag characteristics of several conven—
tional tynes of readial—engine nacelle on a lou—drag air—
foil, lodels, 1/6 full scale, sinulating installations
of the Wright 3350 engirne in heavy bomber types were
employed. ’

The drag coefficients of nacelles incorporating
covling-nose shapes showan by previous tests %o be effi-
cient and afterbodies of adequate length were of aboudb
the same magnitude as commonly obtained for comparable
installstions on conventional wings. Nacelles that had
high drag coefficients at low speeds suffered from largse
increases in drag with increasing Mach number. For the
best arrvangementis tested, however, no serious increases
occurred in drag coefficient within the limit of ths
tests, which covered a range of Hach numbers up %o 0.55.

INTRODUCTION

In the design of recent multiengine airplanes there
has Deen comnsiderables conjecture regarding the drag and
interference of radial—engine nacelles on low—drag types
of wing. Little data obbtained under the necessary low—
turbulence testing conditions have been available.

The present test program was an oubtgrowth of tests
in the NACA 8—foot high—~speed wind tunnel of a 1/8-scale
nodel bomber—type airplane in which an unuswally high
drag occurred with the original nacelles on the lowy—drag
wing. Tests of improved nacelles showved that the ex—
cessive drag was due to a poorly shaved cowling and a
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very blunt afterbody shape rather than to serious adverse
interference with the low—drag wing,

The present investigation included tests of further
modifications %o the nacelle of the airplane tested and
tests of several other typical nacelles of varying size,
location, and shape detail. The principal aim was to
provide general informafion of immediste engineering
interest on several types of nacelle rather than to study
in detail any isolated variables., The models tested wvere
1/8—scale representations of installations of the Wright
3350 engine in heavy bombers, 4 pusher arrangement was
included in the program. This type has the advantage
of eliminating the increase in frictional drag of the
wing due to the slipstream disturbance, Details of the
pusher installation of the Wright 3350 engine were designed
in cooperation with the HACA powver-plant installation group.

In addition %0 the usual force data, pressure—
distribution data were obtained at the wing—nacelile junc—
ture of each model. In order to provide data frequently
requested for siructural design, the pressure distridbution
over the NACA cowling—C profile (reference 1) of one of
the models was mezsurcd at high angles of attack,

The work was done by the NACA at the Liangley Memorial
Aeronautical Laborabtory, lLanglsy Field, Va.

STUBOLS
¥ free—stream velocity
o} mass density of air in internal flow
Po free—stream density
q free—stream dynamic pressure (1/2 p V?)
Q ' volume rate of flow through duvuct at density op

F maximum cross—seciional area of nacelle




=2

e Inmaximun cross—sectional area of engine (18.4
sg 5 for Wright 3350 engine)

a ‘velocity of sound in air
1 Yach nvmber, V/a
pressure

pressure coefficient (P1o0ca1 = Pstream) /4

e angle of attack of wing
Cp., external drag coofficien}y of nacelle
& ( N = " P Y 3 — s
[(to%al drag of combination) (drag of wing at

same angle of aittack) — (drag calculated from in~
ternal losses)]/a®

APPARATUS

The Hests were conducted in the 8—foot high—speed
tunnel, in which the turbulence level is considered %o
be sufficiently low %o permit sigrificant resulis o be
obtained with models incorporating low—drag airfoils.

Ving.— The wing on which the nacelles were installed
vas a 1/8-—scale model of a wing of WACA low-drag sesction
designed for ths airplane tested. Ths portion. of the
wing represented included most of the left panel and a
small length of the right panel. When both inboard and
outboard nacelles were represented, the nacelles were
eguidistant from‘the'denter line of the tunnel, The
airfoil section employed at the root was the NACA
65,2=-221 and at the tip, the NACA 66,2%-416., The in—
board nacelle was located 21,04 inches from the root at
a station vhere the wing chord ‘was 20.63 inches and the
thickness ratio was 20+7 percent. The outboard nacelle
was situvated 45,96 inches from the root af & stabticn
vhere the wing chord.sras 18,65 inches and the thickness
ratio was 19.9 perce:.t.

Phe wing was set at 3% angle of incidence to the
thrust lines .of all of the nacelles except the pusher
type (nacelle 5), for which the angle was 2°, Angles
of attack shown in this report are those of the wing.
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fooling—air flow.— ALl the nacelles were tested with

internal air flow corresponding to the estimated require-
nents of the Wright 3350 engine, and the internal pres—
sure drops were simulaied as closely as possible by means
of perforated plates. The values assumed for the flow
characteristics were as follows for full~throttle opera-—
tion at 400 miles per hour and at 25,000 feet altitude:

(cu £t /min)
Engine cylinder CoOliZE o o « o o o« o o o & & 35,000

Accessory cooling and charge ail o ¢ o o o o 35,000

Total 70,000

=l

The value assumed Tfor the pressure drop was 8 inches of
wvater for the engine baffle and also. for the accessory
systems, The nondimensional pressure—drop ratio was,
therefore,

2
2 - 8 X 5.2 = 0.23

= 1/2 X 0.00238 X 0,448 (400 x 1.47)%

The perforated resistance »lates were designed to --,
produce this pressure—drop ratio a¥ the required rate of
internal flow. The inernal mass—flowy rate is conven—
iently expressed nondimensionally as the ratio pQ/perV.
For the assumed flow condition, the value of pQ/pole’
is 0,11, %The outlet openings were designed to produce
this flow ratio, and it will be noted that the measured

.rates of flow closely approackh the design talue aexcept,

of course, in those runs in which the outlet—opening
areg was reduced.

Original nacelle design.— The original nacelle
‘tested was a 1/8—scale model of a 72-inch—diameter
circular—section installation in which the engine was
located .in the upper part of the nacelle and the acces—
sory air was carried underneath and -around the sides of
the eangine. The nacelle was designed by a manufacturer
and was submnitted to the HACA for tests in the 8—foot
high—speed wind tunnel, The cowling profile was un—
symmetrical in side view with a relatively sharp edge
at the ton of the cowling. The blunt afterbody fairing
was the result of enclosing two 56—inch wheels in a low
nacelle terminating at the trailing edge of the wing.
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The model was tesbed with internal flow representing
only cylinder cooling,

The nacelle ordinates measured as in figure 1 are
given in table I. Sketches of each nacelle are included
in table II. :

Naocelle 1.— Hace’.e 1 has the same deptﬁ at each

afterbody station as the criginal design. A much im—
proved afterbody fsiring was obbtained by making the
nacelle symmetrical about its center line., The nacelle
was also raised above the original low position so that
ite center line passed through the trailing edge of the
wing. The original cowling nose was supplanted by cowl—
ing profile C of reference 1. In other respecits nacelle
1l vas similar to the original desisgmn.

Hacelle 1lA.—~ In order %o compare the merits of the
central position of nacelle 1 with a low position of ef—
ficient agerodynamic shape, the original low afterbody was
extended, as shown in figure 1 and ian tables I and II.
Nacelle 1A was otherwise idenrtical with nacelle 1.

pLP AR

effects of an improved nose shape., The conveantional C—
type cowling of nacelles 1 and 1A was replaced by an
arrangement designated NACA cowling E. This arrangement
eintbodies gz hollow spinner through which all the required
air is aduitted at a velocity of about 0,4V for the high—
speed condition., The external lines of the spinner are
obtained from nose B of reference 2,. The air for the
auxiliories was carried by means of two ducts over and
uwnder the resistance plate representing the engine,
After passing through a resistance simulating the acces—
sory pressure drops, the air was exhausted through an
outlet at the top of %the nacelle, The engine cooling
alr was exhausted at either side of the nacelle, The
auxilicry air ducts required a dbumnp in the side—~view com—~
tour on top and bottom of the nacelle. Ian plan view the
nacelle contour was a continuation of the nose B contour
(reference 2) of the spinner, The afterbody of nacelle
2 was identical with that of nacelle 1 except for the
addition of the auzxiliary air outlet. The outlet opean—
ings of nacelle 2 and 2all subseguent models were under—
cut below the basic profile of the nacelle for some dis—
tance back of the actual opening, as recommended in
reference 2., Details of a typical outlet are given in
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figure 2. As originally planned, the propeller blade
shanks within the outer spinner of cowling E in an actual
installation were to be covered by fairings exbtending
between the outer spinner and an inner spinner that
covered the hub, TFhe fairings were intended to aid in
ground and climb cooling and to operate at zero 1ift in
the high—speed condition. On the model, this high—-speed
condition was simulabted by .setting the three—~blade fair—
ings with their axes parallel to the thrust line, since
the model spinner did not rotate. (See fig, 3.)

Nacelle 24.— The opening on top of nacelle 2 was
faired over for model 2A in order to indicate the effect
of the opening, ~ ’

Wacelle 2B.— Nac ._le 2B was tested to permit evalua-
tion of the improved nose shape on a low nacelle, The

~nacelle is a combination of the nacelle 1A afterbody and

the nacelle 2A forebody.

Nacelle 2C.— Nacelle 2C was the same as nacelle 2B

exceptngor enlarged (deepened) outlet openingms. (See
fig., 3.

Nacelle 3.— The large size of the nacelles thus far

described (72 in,diameter, full scale) was necessary %0
pernit enclosure of the landing gear. Nacelles 3 to b
and their modifications are types in whick the maximunm
cross—~sectional dimensions were made as small as possible
from considerations of only the engine size and the .
gooling—air reguirements.

acelle 3 was elliptical in cross section., The
depth, 60 inches full scale, was limited by the engine
diameter, and the width, 72 inches, was chosen in order
to allow enough space on either side of the engine for
supplying 2ir %o the accessories. The C-cowling contour
of reference 1, derived for a 4,.50-inch radius, was main-—
tained around the nose, The maximum cross section was a
true ellipse as were the afterbody sections, The line
of symmetry of the nacelle passed through the trailing
edge of the wing., Four outlets were provided, one on
either side for the en=zine cooling air and one each on
the top and on thz botvom for the accessory air,

Hacelle 3A.,~ The bottom outlet of nacelle 3 was
faired over to form nacelle 3A.
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Wacelle 3B.—~ In order to evaluate the effect of
shortening the afterbody, nacelle 3B was designed with

the afterbody terminating at the H0-percent—chord station
of the wing, It was otherwise identical with nacelle 3A.

Jacelles 30 and "7 ,— Nacelles 30 and 3D were identi-—
cal with nacelle 3 except that the side ouvutlets were
closed and faired over-on nacelle 3C and the top and
bottom outlets were closed and faired over on nacelle 3D,

Nacelle 4.~ JTacelle 4 represents about the minimum

size (60 in, diameter, full scale) that will house the
Uright 3350 eungine, XNo provicion was made for accessory
ailr on the model, IZither scoops or wing inlets would be
necessary. The C~cowling contour (reference 1) was de—
rived for the maximum radius of the nacelle, In side
view the afterbody contour is identical with thet of na—
celle 3B, The cross sections were circunlar throughoutb,

Hacelle 5.— Hacelle 5, the pusher type {(figs. 1 and
4, and tables I and II), vas designed around the installa
tion shown in figure 5, All the required internal air
flow was admitted at the nose of the nacelle at an inled
velocity of about 0.4V, The external nose profile was
thot of nose B of reference 2 carried back as far as the
leading edge of the wing. The leading edge of the na—~
celle was extended ahead of the wing by about 13 percent
of the chord in orler to prevent interference effecits due
to the lowv pressures on the forward part of the wing ab
high angles of attack., The vertical position of the na-—
celle was adjusted to allow equal duct space above and
below the wing for the engine cooling air. The ducts
(fige 5) leading to the o0il coolers, intercoolers, and
supercihargers were sir ilated on the model by means of a
single duct in each wing terminating in an ouvtlet opening
on either side of the nacelle (fig, 4(D)). The right
opening vas placed close to0 the nacelle in order "to permib
a comparison of the interference effects at that location
with the effects at the location of the left outlet fur— .
ther outboard., The internal flow was divided approxi—
mately as follows: 50 percent through the nacelle and
25 percent through each wing duct. ' )

Wacelle 54.— Nacelle 54 was the same as nacelle 5 .
except that the right outlet was closed.

Wacelle 5B.— The fillet sketched in figure 1 was
added to nacelle 54 %o make nacelle 53,
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Uacelle 5C0.—~ Nacelle 5C was the same as nacelle 5
except that the left outlet was closed.

Outbosrd nacelie.— The outboard nacelle was the
manufacturerls design for the airplane. It wag similar
to the original inboard nacelle previously described ex—
cept that the COwcowiing conbour was employed.

Pressure measurements.— Pressure—distribution data
were obbained on the cowling—C profile of nacelle 3 by
means of flush orifices on the top and the side of the
cowling., DPressures in the wing junciure of each nacelle
were measured dy small portable static tubes., The tubes
were alineéd parallel to the floy direction as indicated
by tufts. The rate of internal flow and the internal .
pressure drops were measured by surveys at several stations
in eazch outlet.opening, taken with rakes of total-pressure’
and statvtic—-pressure tubes,

TESTS

Force tests.— Bhe 1ift and drag characteristics of

the wing alons and in combination with each of the na—
celles were measured for the following conditions:

(1) From o = —1° %0 8% at ¥ = C.26

= 0,17 %0 0.55 at & = 0° ana 2°

]

"(2) From I
(Cz, ® 0.13 and 0.38)

Tests of inboard nacelle 1A vere also made in the presence
of the outboard nacelle for the listed conditioans,

Pressure measurements.~ Pressure dats at the wing—

nacelle junchures were obtainéd for all configurations at
N = 0.3%3 for angles of attack of —1°%, 2%, and 6°. Pres—
sure distributions over cowling C of nacelle 3 were ob—
tained through an angle—of—atbtack range of —1° to 16° at
H = 0,26, and from —1° %0 3° for M = 0,17 %0 0.,55. Sur—
veys of static and total pressure wvere made in each outlet
opening in order to determine the internal flow gquantiity,
the pressure drop, and the internal drag. ’




Drag of the wing.—~ A special effort was made through-

out the tests to keep the wing surface ideally smooth and
fair. The drag of the wing alone was measured five tinmes
during the tests and was fouad to deviate from the origindl
values by unot more than 1% percent (about 4 percent of av—
erage nacelle drag increment).

RESULTS

Reduction of dsta.~ The drag increments due to the

nacelles are given in the form of coefficients based on

the nacelle frontal ares. Tae calculated drag correspond—
ing to the momentun loss of the internal flow has been
deducted from the total drag increuent, and the remaining
external drag incremenr® is presented in this repors.
Through the use of th.s paraneter the effect of changes in
external shape, with which this investigation is maialy
concerned, ccn be studied direcetly. Drag—coefficient
changes associated with the internasl flow are accounted for.
The values of the internal-drag iuncrements calculated from’
the measured internal—flow characteristics by the method ’
of reference 2 sre shown in table III for each nacelle.

If it is desired to obtain the total nacelle drag—coefficient
increment, the values given in this table may be added to
the external—drag values shown in the subsequent figures of
this report.s The tobal drag—coefficient increment is of
interest only at the design speed, because lower speeds
would require larger exit openings and higher internal drag.

Tests with fixed transition on the wingz.— Ian previous
tests of nacelles on conventional wings, it has been found
desirable to fix the transition point nesr the leading
efige of the wing in order to make the boundary—layer con—
ditions correspond to thoses of flight. For the low—drag
trpe of wing, however, the full—scale flight transition
locatiorn is not definitely known and therefore carnnot be
silmulated in model testis., In addition, it has been Ffound
thet the methods used to fix the transition locabion driang
about a type of trensition congsideradbly different from the
type that occurs naturally on a smooth low—drag wing. A
fov runs wvere made during the present investigation with
the transition fixed on both the upper and the lower sur—
faces of the wing at the 1l5—percent—chord station in order
to determine the racel’e drag for this extreme of the
bovandary—layer condition, It was Ffound that the nacelle
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drag was of the order of half the value obtained.on the
smooth wing. Because the fizxed transition data were of
doubtful significance. and indicated very low nacelle
drags, no further fized—transition tests were made., All
the data presented in this report were obtained with the
smooth wing,

Force—test data.—~ The external drag coefficients of
the nacelles, grouped according to type, are shown in

figures & to0 9 as functions of ¥ and o. The small in—
terference drag between the inbocard and the outboard na—
celles is shown in figure 10. 4 comparison of the drag
0f nacelles typical of each type is made in figure 11.
Table II affords a comparison of all the naceiles, In
addition to the draz c efficients, the drag in pounds atb
25,000 feet altitude wund at II = 0,50 .is tabulated Ho
show the over—sgll drag changes including the effect of
chanrges in %the nacelle frontal area. ZFavorable interfer—
ence effects associated with the outlet flow are shown in
figures 12 and 13, Figure 14 shows tae 1if$ coefficients
of the wing—nacelle combinations,

Pressure dava.—~ The pressure distributions over cowl-
ing C (nacelle 3) are presented in figures 15 and 16.
These dabta are given in coasiderable detail, perticularly
as regarés angle—oi—attack range, because a number of re—
gquests have been received for data applicable to structural
Gesign at high angles of attack. -

Pressure distributions at the juncture of the wing
an@ nacelle 3 .are shown in Tigure 1l7. Thesd resulits were

typical of the juncture pressures obtained with the other
nacelles,

NACELLE DRAG

o

Verbtical locabion.— In a series of preliminary tests

not described in trhis report, it was found that about two-—
thirds of the large drag reduction that occurred when the
manufacturer?s original nacelle was replaced by the cen—
trally located nacelle 1 (table II and fig. 6) was the
result of raising the nacelle to the central position.

The rest of the reduction in drag occurred through the use
of cowling G, A separatved flow condition that existed
over the original afterbody 4id not occur with nacelle 1

- e e v e ey
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becarse of the greatly improved afterbody shape made
possible by the centrsl location. The same result was
obtained by lengthening the aftervody of the original

low nacelle, (Cf. nacelles 1 and 1A, 24 and 2B of table
II and figes., 6 and 7.) The nacelle in the low position
with the exteanded afterdody gave lover drage than the na—
celie in the central position for angles of attack greater
than 5° (figs. 6(c) and ?(ec)). It thus appears that the
central location ofiers no advantage except in the cases
vhere a large nzcelle must be terminated near the trail—
ing edge.

Extended sftervody.~ The adverse pressure gradient
over a nacelle afferd .y is superimposed on the adverse
gradient of the wing if the nacelle is terminated at or
near the trailing eldge of the wing, " The resulting pres—
sure gradient will De 'more severe than for either wing or
nacelle alone and separstion effects will be encouraged,
This result is rarticularly true of low-drag wing sections
that comnonly have steeper adverse gradients than coan—
ventional sections and is one of the reasons that nacelle
drags on low-drag wings terd to be greater than on con—
ventional wings., The difficulty can be circumvented by
extending the nacelle afterbody, a procedure which not
only moves the adverse gradieant on the nacelle away from
that of the wing but which also reduces the magnitude of
the gradient on the nascelle., The beneficial effeet in
the case of anacelles 1A and 28 vas very large, as previ—
ously showvn, because of the critically poor shape of the
original nzcelle., In this insbPance a nacelle extension
of only 15 percent of the wing chord was sufficient to
prevent serious separastion. The amount by wvhich the na—

.ecelle should be extended is a function of a large number

of variabless; tests to determine the optimum length in
individual cases will probadbly be required,

Cowling shape.— The reduction of the drag of the
original nacelle by one—third through the use of cowling—
profile C (referencs 1) was due to elimination of loecal
separation of the flow ovex,the top of the original blunt
profile. A comparison of cowling C with the high—speed
cowling B showed %that 5he mininmum drags at moderate speeds
wvere about the some, (Cf., nacelle 1 with 24 or nacselle
1A with 2B, table II.) At Mach numbers beyond 0.62, hou—
ever, the drag with cowling C has been found to increase
precipitously (reference 1) ouing to the compressibility
burble; vhereas the drag of cowling E remains low up to
MHach numbers of the order of 0,70 to 0.30, depending on
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the magnitude of the protuberances due to the accessory
air ducts around the engine, In the absence of the pro—
tuberances, no pressure peak occurs on the E—cowvling
profile (reference 2).

The drag with cowling ® was considerably less than
with cowling C at the higher angles of attack. (Cf,
nacelles 1 and 14 with 2 and 24 in figs., 6(c) and 7(c).)
The entrance and Guct losses with cowling E were found
t0 be negligible throughout the entire range of angles of
attack, indicating that higher front pressures would be
available with cowling B than with cowling C, for which
the entrance losses are zppreciable at the higher angles,
Unfortunately, this result cannot be translated directly
into flight performance because the effect of the propelier-
¢hank fairings with a rotating propeller is not included.
The entrance and duct losses in the pusher arraagement
were likewise found $0 be negligible throughout the angle—
of-attack range. This design also employed the cowling
E profile ai the entrance. ’

Facelie size.— Nacelles smgller than 72 inches in
diameter are fcasible where provision for lzrge vheels
is not required; for exsuple, in flying boavrs or in the
cutboard nacelles of four--engine landrlanss.. Large drag
reductions can be made wartly as a resuvli of the reduced
cross—sectional and we:.ed aress and partly through the
reduced interference diag of the smgller nacelles, The
72— by 60—inch elliptical nacelle has 83 percent of the
frontal area of the 72—inch—diameter model but only 54
percent of the drag., (See nacelle 3 of table II, The .
drag coefficients shown in table II and in fig., 8, being
based on fronbtal area, show only the changes due %o varia—
tions in interference effects; hence, a column is included
in table II showing the drag of each nacelle in pounds for
a typical operating condition.) The reduced interference
effects probably result from the fact that a larger pro—
portion of the webtted area of the smaller nacelle is
covered by fthe wing, The improved afterbody fairing and
increased fineness ratio are probably also beneficial. A4n
afterbody extending only to the 50—percent—chord station
of the wing resulted in about the same drag as the longer
afterbody. (Cf, nacelles 3A and 3B, fig. 8, and table II,)

Further decrease in the nacelle dimensions %o 60
inches diameter, the minimum size that will enclose the
Wright 3350 engine, permitted still further reductions in,
the nacelle drag (nacelle 4, fig. 8, and table II). This
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model had no provision for the introduction of auxiliary
air, however, and it is not likely that any net saving

- over nacelle 3 would occur if scoops were cdded or if any

inlets were employed,

Pusher nacelle,—~ With the pusher—macslle arrangement
it was possible t0 a¢.it all the required air through an
efficient inlet opening at the nose of the nacelle (cowling—
E profile, nose B of reference 2) and, at the same time,
employ the minimum possible diameter of 60 inches. Suffi-
cient space was available for efficient ducts to the in-—
tercoolers and turbosuperchargers carried in the wing on
either side of the nacelle (fig. 5). This nacelle had the
lowest drag of any model tested. (See nacelle 5, fig. 9,
and table Ii.) The drag at M = 0.50, for the flow condi-—
tion corresponding to 265,000 feet altitude, was 33 percent
of the drag of nacelle 1 and 61 percent of the drag of the
elliptical nacelle 3., As previously mentioned, the pusher
arrangement would not suffer as would the tractor type
from increases in wing drag due to disturbance of laminar
flow on the wing by the slipstrean.

Interference betveen inboard and outboard nacelles.—

In the minimum drag condition the interference was negli-
gible (fig, 10(a)). At high angles of attack a favorable
interference effect occurred (fig. 10(c)), probably as a
result of reduction of the separated flow over the blunt
afterbody of the outboard nacelle,

Comparison with conventional wing.— Drag results
previously obtained for nacelle 1A on a wing of mere con-—
ventional section are unfortunately not directly comparas~
ble with the present results: <first, because the thickness
of the coaventional wing was greater (22.7-percent—thick

- section) and, second, because the data with the conven—

tional wing were measured in the presence of a large fuse—
lage. The results of reference 3, although not strictly
comparable with the results presented herein because a
wing of 18—percent thickness ratio was employed, pernit

a comparisdn of good conventional nacelles at identical
values of the ratio of nacelle diameter to wing thickness.
The following table compares the minimum external drag

. coefficients of these tests with those obtained in refer—

ence 3 at arproximately the same Reynolds number. It is
pointed out that the comparison tends to be unfavorable
to the low—drag—wing data in that the Mach number was 0.30
and the 1ift coefficient 0.4 in the present tests as com—
bpared with a lNach number of 0.08 and a 1ift coefficient of

.0 in the full—écaleftunnel tests,.
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Nacelle diameber
Wing thickness Nacelle on Nacelle on
conventional wing | low-drag wing
[ Tecelle
2.10 ¢.055 0.067 i
2.10 . 0565 .070 1A
2,10 . 055 .058 2
1.75 .050 . 049 3
1;75 .050C 043 4
1.75 .050 .041 5

Phis comparison shows that, in spite of the factors
tending to increase the nacelle drag on a low—drag wing
(disturbance of the laminar flow on the wing by the na—
celle and increased sevaration tendencies), the drag of
suitable nacelles is not greatly different from the drag
of similar nacelles on a conventional wing.

Bffect of an operating propeller.— The drag coeffi-
cients. of the tractor nacelles on the low—drag wing would
be somewhat increased if an operating propeller were pres—
ent because the propeller would create a disturbance of
the laminar flow on the wing. An estimate of this effect
for the original nacelle on the 20.,7—percent—thick wing
can be made on the assumnntion that the boundary—layer flow
changes from the laminar to the turbulent type over 40 per-—
cent of the airfoil surface as a result of the »propellier

action, he dimensions used and the calculation are as
follows:

Propeller diameter, feet o « o« « o o s o o o o 161
*Nacelle diamneter, feet o+ ¢« ¢ o ¢ « o o o o o o 6

Wing Chord., feet ¢ o o o o o o o o o o o o s o @ 13%
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Inerease in section drag coefficient of wing due
to propeller action, Acg ¢ « o o o « o o« + & .0020

{0.0020)(wing area exposed to slinstream)
nacelle cross—sectional area

;"/51 \<;\‘}
0.002 6% — 6 (132
il A e/

28,2

ACD

-y
4

c.01c¢C

1l

This value represeants about 12 percent of the drag of the
72—-irch—~diameter nacelles and about 21 percent of the drag
of the 50—~ by 72-inch nacelle,

Variation with Ilach number.— Figure 11 shows that the
drag of the original nacelle increased very ranidly with
Mach number, vprobably because the flow separation becomes
more intense as the speed increases, If the nacelle drag
coefficient is high at low speedas, a much higher wvalue
may be expected at high speeds., If the drag is small at
low speeds, however, indiceting satisfactory flow condi-—
tions, no serious increases with speed occur until the
critical coumpresssibility speed is reached. It will Dbe
noted in figure 11 that the maximum test Hach number,

0,55, was consicderably lower than the critical Mach number
of any of the nacelles (cowling C, critical I = 0.623).

Beneficiagl effects of air outlet.— The outlet open—
ings on nacelles 2 to 5 were designed in accordance with
the suggestion of reference 2 that the outlet flow should
cause a minimum of disturbance to the static pressures

over the basic body, which condition reéquires that the out—
let profile be cut below the basic body profile for some
distance back of the actual opening (fig. '2). It was found
in several cases that the drag was less when the outlets .
were open than when frired over, The top outlet of nacelle
2 had a large favorable effect (see fig. 12), ahparently
the result of decreasing a local separation on the upper
wing—-nacelle juncture. The top and bottom outlets of na—
celle 3 had a similar effect, but the side outlets, located
in the positive pressure field .of the wing, added somewhat
to the drag: (Of., Tigs. 8 and 13.) Alterrate fairing

over of the w1ng outlets of nacelle 5 (fig. 12) showed that




16

both had a favorable effects, The left outlet was more ef—
fective than the right, which was located in the wing-—
nacelle juncture (fig. 4(b)).

EFFECT OF NACELLES ON LIFT

At a given angle of attack, all the nacelles tested
decreased the 1ift when added to theé wing. None changed
the slope of the 1ift curve (fig., 14). The low nacelles
1A, 2B, and 2C caused the largest 1ift decreases. 1In
order to maintain the required net 1lift coefficient, it
would be necessary to incresse the angle of attack of the
wing, a procedure that would result in increasel wing drag
because of operation of the wing at higher than its design
1ifv coefficient. In the design of the wing, therefore,
the design 1ift coefficient should be determined from a
consideration of the effects of nscelles and fuselage as
well as of the wing loading.

PRESSURES AT WIJG~NACELLE JUNCIURE

The results shown in figure 17 are typical of all
the nacelles tested, It will De noticed that the after—
bodies of the so—called centrally located nacelles were
larger on the under side of the wing than on the upper
side because of the camber and the 30 angle of incidence
of the wing. The pressures on the lower surface were thus
disturbed to a greater extent than on the upper surface,
As shown in figure 17, the local pressures became more
negative on the lower surface at the wing—nacelle juncture
than on the wing alone, whereas the upper—surface pressures
became more positive. The contracting lines of the upper—
surface junctures and the decreased circulation in the
vicinity of the nacelle are probably jointly responsible
for the reduced negative nressure pealks on the upper sur—
face., This result is desirable because on a lifting wing
the negative pressure peak on the upper surface determines
the critical liach number, and this peak should not be aug—
mented by the presence of the nacelle. The pressure peak
on the lower surface, even though increased by the nacelle,
is no%t likely to exce 4 the upper—surface peak. (See fig.
17.) Cn the basis of these results, it is evident that
none of the nacelle installations tested would reduce the
critical speed below fthat of the wing.
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.. ~Although no attempt was made. to do so in the present
tests, it appears possible to design a wing—nacelle junc—
ture that will not augment either the upne“- or the lower-
surface peaks.

SUUT4RY OF RESULTS

1. The minimum drags of convenbtional nacellies of
various types and sizes installed on a 20,7—percent—thick
low—drag wing were of the same order of magnitude as the
minimnvus nacelle drags obtained in a previous investigation
employing an l8—percent—thick conventional wing.

2« The estimated effect of the disturbesnce of the .
laminar boundary layer on the wing by the slipstream of a
tractor propeller is to ‘increass the nacelle drag from 12
to 21 percent, depending on the nacelle size,

e The drag coefficients of nacelles that were un—
satisfactory at low speeds increased very rapidly with in—
creasing Mach number, For the best arrangements tested,
however, no sericus increases occurred within the limit
of the tests, for which the higliest Mach number was 0,55,

4, Decreases in nacelle size resulted in large drag
reductions both through the reduced frontal area and
through decreased interference effects.

5. A 60—inch—dinmeter pusher arrangement with pro—
visiorns for handling all the air reguirements of the
Wright 3350 engine, but with no provision for housing a
landing gear, had the lowest drag coefficient of any na—
celle tested,

6. The minimum drags obtained with NACA cowlings C
and B, as tested with the spinner stationary, were about
equal at Mach numbers below 0.55, At higher angles of
attack, cowling B had less drag and higher pressures
available for cooling than cowllng C.

7. Nacelles in the low position with the top of the
nacelle flush with upper surface of wing had about the
same drag as nacelles vhose center lines passed through
the trailing edge of wing, provided that the low after—
body was extended far erough beyond the trailing edge to
prevent flow separation,
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8. Low nacelles appeared to present less of & problem than
central nacelles in designing for a high critical Mach number
at the wing-nacelle Juncture because only the relatively low
local velocities on the under surface of the wing were augmsnted by
the afterbody. With either the low or the central location it
appears that the critical Mach number at the juncture can be made to
exceed that of the wing alons by proper shaping of the nacelle
afterbody.

9. The effect of air outlet through efficient openings
resulted in reduced external drag in several cases. This
offect was large enough'to warrant further investigation. Nacelle-
development programs should include tests to determine the most
effective outlet location.

Langley Memorial Aeronautical Laboratory
National Advisory Committee for Asronautics
Langley Field, Va.
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TABLE I. - RACELLE ORDINATES IN IXNCHOES
Ese figs. 1 and 2

TABLE I. = cootinued

NACELLE ORDIEATES IN INCHES - oontinued

“ i

Manufacturerts original nacelle

X b3 x YL x Vg
0 3,650 | O 3,065 | O 3,36
L011 | 3,676 .02h § 3.125 L,018 § 3,363
030 1 3,713 055 | 3.i8hL oh3 | 3.45¢
066 | 3,765 236 | 3.273 09% { 3.523
1 § 3.846 240 { 3.405 193 | 3.631
269 3.959 -Ll89 3.590 39'4 5.785
.38 § L.0o% 736 | 3.731 s9L | 3.80L
587 1 L.106 ,990 | 3.8l P4 L 3098,
7l { L1661 1.233 | 3.9k .995 } L.obL
.883 1 L.21 1,481 | L.023 | 1,195 | L.133
1,105 § L.278 | 1.853 | 4.1% § L.dos | L2165
147 1 4.360 | 2074 { L.280 § 1.998 | L.331
1.8L5 { L.428 3,093 | L.380 2,098 | L.20
2.216 } L4751 3.721 | L.st § 2,998 } L.LBO
2,639 | L.500 L.k21 | L4.500 3.570 § L.500
6.550 | L.500 | 6.550 § LS00 | 6.550 | L.500
6.550 { 4,120 | 6.550 | L.120 | 6.550 | L.120
7.050 { L.330 7.050 § L.330 7.050 | L.330
8.250 { L,500 { 8.250 | L.500 | 8.250 | L.500
12,060 { 4.500 { 12,060 { LS00 { 12.060 § L.500
17.220 17.220 | Le270 | 17.220 | L.L20
22,060 22,060 | 3.350 | 22.060 § L.010
27.060 27.060 | 1.110 | 27.060 | 2.270
20.620 %0.620 § © 30,620 | 0

MACRLLE 1 NACELLE 14
Yy x b 4
(radius) (ud{u.) Y n L
ooha 2113 co(m3 5.11‘2 12.06 § L.ls | L.ls8 | LabiB
- . » 5' 16'h5 l“he h‘ 1]
086 | 3.18 086 | 348 2195 ---- 3.% ';.%
A73 3.99 173 3459 27,95 § === | 2,30 | 2.0
36 3.7 306 3.7 30.5L | 1.49 | 1.50 | 1.50
519 3.86 519 3.88 31.50 §1.28 | 1,11 | 1.09
52 3.97 R 3.97 3247 } 1.00 R 2
865 | b.o7 865 | Lo7 33061 17| A7) o33
1,039 | Lak [ 1,039 | L.k | 33.66 Jo 0 °
1,210 4.22 1.210 L.21
1.383 L.27 1,383 h.a27
.73 k.37 1.73 Le37
2,08 L.l 2,08 L
2,2 L8 e.le L.48
2.77 Lo | 2.77 L.50
6.55 L.50 6.55 L.50
6,55 L.12 6.55 L2
e WS I B
’ . 8.25 . ‘
13.50 L.50 » :
16,50 L.37 :
18,50 bo13 !
20,50 3.5
22,50 3.21
2L.50 2,56
26.50 1.83
28.50 «58
30.62 0

YVOVN

I °19eL
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TABLE I. - continued
MACELLE ORDINATES IN INCHES - oontinued

NACELLE 3 NACELLE UL NACELLE 5
FopYad Ve | Ao du) U ol
0 2,30 {3.15} © 2.537 0 1.78j1.78
TABLE I. - continued gé;g Szg g% 0351 2.7% 0501 1,091 1.7
] . . . O] ‘2.802 . 19511,
HACELLE ORDINATES IN INCHES - continusd Q73207 | 3059 A% 2.893 .% 1.3%3‘ 1.%
- Jbb12.9013.75 2791 3.018 «320f2.131 1.77
FACELLE 2 .518{ 3.05 | 3.88 4181 3.123 JGy3q 2. 1.80
692 3.12 | 3,97 558¢ 3,199 968]2.l811.83
8651322 {L.0o7] .667;F 3.27%6 1.29 f2.61]1.85
- v x ¥y v Vs 1.059 ] 3.29 | L.14 8361 3,3% 1.93 [2.8,)1.68
(redius) 1,210 | 5.36 fL.21 | .976{ 3,387 2,50 §2.96}i.
i;«;, ;SL‘; lug; 1.;;2 3.436 i.oo 3,08 | 1.95
. . 4 1. 3,520 .00 | 3.27)2.17
1.78 L.75 Z.gg Z.gg g:zg 2,08 1359 (LU} 16731 3,576 5.00 13,l1}2.60
.018 _1.81; 5-072 h.b,i u'w Jig6 2.2 |3.63 140481 1952 3.610 6,00 13,5212.97
0% | 1.87 g-oo 156 | Loso | fco 2,771 |3.65Ls0| 2.230] 3.625 7.00 | 3.60 | 5,20
4050 1.89 '88 h.SO h'SO 1,20 3.37 }3.651L.50 | 2.251 3.625 8.00 | 3.66]3,37
068 1.91 9.88 h'so b..50 360 6.625 | 3.65 | .50 2.22; 3.85 10,00 | 3.72 { 3.52
095 | .94 12.00 el e e 6,625 13,65 1 3.85 1 6,625 3.625[3.625 | 12,00 | 3.75
.120 1,98 11;75 h‘so h-s0 e 7.62513.65 1h.12 | 6.6251 3.6e5)2.930 | 14.00 | 3.5
194 g.g; .7 Lfso h.so 2 8.62513.65 | L35 | 7.625] 3. 3.250 | 16,00 } 3.69
»320 «13 eon ‘65 b’so 150 10,000 | 3.65 f L5 | B.65 ) 3.605 }3.450 | 18,00 | 3.55
L3 2,32 18.00 3.02 h'ha h'b.B 10,000 { 3,05 | L.U5 | 10.000 { 3.580 | 3.580 | 20,00 |3.31
. Sf«ﬁ ;o'oo 10 | 4,57 | ba37 11.500 | 5.20 | L.4o [ 1000 | 3.150 22,00 |2.96
1.29 2'8&. 20.90 h'05 LR L 14.000 | 3.45 1 L.28 {18,000 ] 3.130 24,00 {2.50
25 | @ |aw |om 5w | i c2io00 |20 |30 |oorom | 20| | 2p [
3,21 3.18 Sg.gg Z«;é ggé 232 26,000 {1,471 1.83 26_:000 1:1m 26:25 1:57
3.5 3.51 30.00 e Bl b 30.625 |0 0 30.851 0 27.00 | 1.
32.00 ] 98 298 0.98 %83 1:22
3,05 |0 30.05 |0
Nﬂce%}g 3B
= 1 i "?. ~
10,00 | 3.05 | 3.58 j k.45 )
11,50 §3.20 §3.45 | Lo v
14,00 | 3.45 | 3.10 | 3.85 -
18.00 | 3.13 | 2.05 | 2054 o
20,50 1.20 -

lorainates forwara of 10-inch
statlon same as nacelle 3,
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TABLE I7

D/PAG oF /VAC[LL[S TESTED

Table 2

 MODEL ARRANGEMENT | s
b
—3-¢:::§;"”L A Qo057 o174 | 680
= s
CowL C = (
= —1.05/ 085|335
— MIDPOSITION

CowL C
=
— [_: = - - R
— MPROVED AFTER-

BOPY, LOW POS/TION

.05/

050

315

OUTLET FOR AUXILIARY AIR

MID FOSITION

S8

.06/

270

CA

053

058

S45

cB

053

088

345

2c

SAME AS 28, LARGE OUTLETS

07%

090

350

MES. 8HST
9- 30-%1
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T ABLE [T -Conclhured,

LDRAG 0F MACELLES TESTED - Continued,

Table Z(concluded)

ELLIPTICAL CROS5 SECTION

INTERNAL =05 =~°
MODEL ARFANGEMENT |50 12 e
C ‘OWLKC MIDFOSITION
| 3 “‘%fw[ ———==(0/26|0056| /80

4|

BOTTOM OUTLET CLOSED

083

054

‘ £ SAME AS 3A,
SHORT AF TERBODY

D93

.06/

00

|

4 _ l R . _ C .
| L
[ SHORT AFTERBODY

C/RCULAR CROSS SECTION

065

053

—

/45

Fsopel/er

S/3

040

/10

089

052

/40

089

045

/20

NFS. SHST
10-1-%1




PABLE III
INTEANAL—DRAG INCREMENTS

(e = 29 ¥ = 0.50]

Nacelle Flow condition ACnF
Original Engine cooling air only 0.006
1 e < 1« . 006
1A B . 006
2 Complete. air requirements . 020
2A Engine cooling air only L0111
2B D < T .01l1
2C Enlarged side outlets . 023
"3 Complete air reguirements . 024
34 Bottom outiet closed .010
3B s o o o o Q0 & ¢ & 4 . . 010
30 Auxiliary air only . 003
3D Engine cooling air only . 003
4 1.25 X engine cooling air .016
- 5 Complete air requirements .01%7
54 Right outlet closed .014
5B e o o o v G0 4 4 4 . . 014
SC Left outlet closed .014
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Figs. 2,5

FIGURE 2. — TYPICAL AIR OUTLET.
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NACA Figs. 3a, 3b

Figure 3a.- Nacelle 2C. Three quarter view.

‘Figure 3b.- Nacelle 2C. Top view.




: Figs. 4a, 4b
NACA

Figure 4a.- Nacelle 5. Front view,

Figgre 4b.- Nacelle 5. Rear view,
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Figure 14— The effect of the nocelles on the IiFT chorocteristics. M= 0.26
-0
/Q\\‘
o] P
s p= /// T
A R i
NS
” 6 : e e Ny \SI;‘
7 NS
7 7
L N e
/ / _ -1 AR
37
2 Y ;
° 7 ' 3 f % 3 7
o » .
() Side of cowling, ¢4l

Froure /5.— Concluded.



- NACA

28

| Sgure 18 = Fressure distribulion over

NACA cow/irig € for a wide ronge

of arig/es of attock, Nacelle 3;
R= 4,50 inches; M= 0.26

(Arngles of attack are #rose bf .
the wing which has 3°inc/tence

Yo rnocelle fhr—us'f //’ne)l I l
|

| W1
= \\i\ —Hx = ]
AN\
2.2 \ \%K
I FE NN\
RN 22
e N NN '
RN
NIANRN N
/ ® \ 5 /0:;)\
4 /(— R \z\\‘i\\b’: \¥
N e T
\é\%_@‘:\::\§\
-1z F/V\\v\ \!\_6;_&__\\:3\\\ N
Al o A SN EA
P N W i R RN AN
jissRsesSenste
gl L7 T~ 12 -l A \\\\\+ "
B // /m-\\A\A,,A///’B_-.\\\;\ N ;?\
2 ('I P2 e S N /-o-\\\_m\ ; ‘EE
r 141 O\\‘”\
-% L2 ] mO)
/4 /
N
-2
[ é (a ),76,0 of nNacelle
0 + | ¢l r 1 ‘ 4
i z 3 4 5 £

Fig 15a



Figerelb.~ Variatior witht INlack rmumber of F4he
eSS coerticiens OF XRG04 .
Peak pressure station o a=2 *ond 3°;

/R

Nocele Ty NICH Canting C; B = ASO ipche.

— L
.{’x(/—»/§< 1
P s
P T aall
2L__~
R
’r A SN
O
o
o —/
o} /] .20 7/ -7/ =47
V4

2 .
/Cow/ fop
-40 I‘C Sl == poper Junclure
/ owl/ side |- AN Wi
_a8 o 4 _MNing alane,
o) // \’ upper surface
—g , o J v -~ \ |
A L \N |,
-4 {\ 1'1 AL \\\ 4 I '
Y /’,.f | |
-z ! /" i K)(\ . W”Jb"e)l
: 7 N X lower surface.
/ N
o 7 N -
N
2 ! >
4

Frgure [7.= T L0/Cq! prassure OUsiyiburion ar g -noce/fe
Jurchve, Mocete F, C,3038 ; LT*AR6.

YOV

LL9T 8914

R

s



NI,

31176 01354 2197 |



